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Abstract 

The present study aims to understand the evolution of textural and microstructural heterogeneity 

and its effect on evolution of mechanical properties of an equiatomic FCC CoCuFeMnNi high 

entropy alloy (HEA) disc subjected to high pressure torsion (HPT). HPT was performed on disc 

specimen with a hydrostatic pressure of 5 GPa for 0.1, 0.5, 1 and 5 turns at room temperature 

where the hardness saturated at 1941 MPa at the periphery of the sample after five turns. 

Synchrotron diffraction texture analysis of five-turn HPT sample reveals characteristic shear 

texture with the dominance of A 110}111{


and A* 112}111{


 components near central 

region of the disc and it shifts to C {001}<110> component near the periphery of the disc. X-ray 
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diffraction analysis shows decrease in crystalline size with simultaneous increase in dislocation 

density for five-turn HPT sample with increasing strain from centre to the periphery of the disc. 

Microstructural analysis using electron back scatter diffraction and transmission electron 

microscopy indicates extensive grain fragmentation (≈ 55 nm at the periphery of five-turn 

sample). The evolution of hardness from centre to the periphery of the disc cannot be explained 

only on the basis of evolution of grain size and dislocation density. The increase in contribution 

from solid solution strengthening due to partial dissolution of copper rich nano-clusters is 

expected to be the underlying cause for increase in the hardness. Thus, evolution of gradient 

microstructure, texture, and chemistry opens up new vistas for designing functionally graded 

materials for engineering materials. 

 

Keywords: High Entropy Alloy; High Pressure Torsion; Shear Texture; Synchrotron 

Diffraction; Heterogeneity; Strengthening Mechanisms 
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1. Introduction 

High pressure torsion (HPT) is a severe plastic deformation (SPD) technique in which high 

hydrostatic pressure is applied on a disc sample along with torsional straining to obtain truly bulk 

nanostructured materials (average grain size < 100 nm) with highest fraction of high angle grain 

boundaries [1, 2, 3, 4]. All SPD processes are inherently heterogeneous in nature, especially the 

HPT process which is primarily shear based [5,6] leading to shear strain-induced grain 

refinement in the material [7, 8]. This technique is capable of imposing unlimited magnitude of 

strain in a single operation, due to the high hydrostatic pressure. Since shear strain during this 

technique varies as a function of the distance from the centre of the disc, there is evolution of 

heterogeneous gradient microstructure [9]. The systematic change in the microstructure on a 

macroscopic scale leads to synergetic strengthening that can be explored to achieve excellent 

strength and ductility [10]. The fine grain structure at the periphery imparts strength and the 

gradually increasing grain size towards the centre provides ductility to the material. The 

microstructure in HPT processed materials has a gradient in grain size, shear strain, hardness and 

texture. These effects are further compounded in high entropy alloys (HEAs) which are complex 

concentrated solid solution alloys [11, 12, 13, 14, 15]. Conventional alloys are based on one 

principal element, but HEAs contain minimum five elements in equimolar or near equimolar 

proportions, which makes them compositionally complex [16, 17, 18, 19, 20, 21]. Deformation 

processes like work hardening and grain refinement are strongly related to its crystallographic 

texture [22, 23]. However, study of texture evolution in HPT processed high entropy alloys has 

not been reported till date. 
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Of particular importance is the role of geometrically necessary dislocations (GNDs) in shear 

process that play an important role in the grain fragmentation leading to a reduction in grain size 

by three orders of magnitude from tens of micron to tens of nanometer in HPT [24, 25]. The 

presence of higher fraction of GNDs plays an important role in the onset of continuous dynamic 

recrystallization which contributes to the overall grain refinement process. The texture evolution 

in torsion is characterized by rigid body rotation as well as plastic spin. In torsion, texture 

stability requires the counterbalance presence of high glide rotation rates (or plastic spin rates), 

due to presence of high rigid body rotation rates [26]. Toth et al. [27] have discussed the 

orientation persistence parameter S given by 

𝑆 = ln (
�̇̅�

|�̇�|
)                                                                                                                                (1)             

where, 𝜖̅̇ = 
�̇�

3⁄  and |�̇�|= magnitude of lattice rotation rate vector. When the lattice spin is low, 

orientation can persist over a large strain. High value of orientation persistence indicates relative 

orientation stability i.e. orientation remain strong over a large range of strain. Thus, the evolution 

of microstructure in terms of dislocation sub-structure contributing to grain refinement and 

micro-texture evolution in HPT still remains an open issue for conventional metals and alloys as 

well as complex concentrated solid solutions like HEAs. The large strain deformation of HEAs is 

important to study the effect of compositional complexity on phase stability and evolution of 

microstructure, texture and hardness in HEAs.   

One such interesting FCC HEA developed by the present authors is characterized by low 

stacking fault energy and presence of copper rich nano-clusters of size ~2.5 nm with hardness of 

539 MPa in the fully annealed condition  [28, 29, 30, 31]. It is to be mentioned here that copper 
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has positive enthalpy of mixing with remaining elements in the HEA and there is separation of a 

copper rich phase at high temperature and hence it is worthwhile to study phase stability under 

high strain energy regime. In order to address this issue, a complete investigation for 

heterogeneity in mechanical properties, microstructure and texture from the centre to the 

periphery of the five-turn HPT processed disc of FCC CoCuFeMnNi HEA was studied. To this 

end, micro-focus synchrotron diffraction, electron backscatter diffraction (EBSD), nano-

indentation and viscoplastic self-consistent (VPSC) simulations were employed to unravel the 

deformation mechanisms. Texture evolution was studied using synchrotron radiation, from the 

centre to the periphery of five-turn sample. Although the major focus of the manuscript is to 

study the evolution of heterogeneity in microstructure, texture and mechanical behavior in five-

turn HPT sample; microstructural evolution for 0.1, 0.5 and 1 turn HPT samples has been 

reported in details. As the evolution of texture and microstructure is a sequential process, 

analysis of samples deformed to lower strain is expected to provide better insight into the 

operative micro-mechanisms. For clarity, EBSD data has been extensively used to explain the 

evolution of microstructure and its heterogeneity from initial to final stages of HPT. Contribution 

from various strengthening mechanisms was calculated to explain the heterogeneity in 

mechanical behavior and establish the microstructure–texture–mechanical behaviour paradigm 

for HPT processed CoCuFeMnNi HEA. 

2.Materials and method 

2.1 Processing 

An alloy button of equiatomic CoCuFeMnNi HEA was melted in a vacuum arc melting furnace, 

using non-consumable tungsten electrode and water cooled copper hearth, in the presence of 
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argon atmosphere. The button was sealed in a quartz tube and then annealed at 1273 K for 10 

hour, followed by water quenching. Small disc specimens were machined from the button using 

electric discharge machining (EDM), with the dimension of 8 mm diameter and 0.8 mm 

thickness. The disc were processed via high pressure torsion, with hydrostatic pressure of 5 GPa. 

The von Mises strain (𝜀𝑣𝑚) developed during HPT can be calculated using the following 

equation. 

𝜀𝑣𝑚 =  
2𝜋𝑟𝑁

√3ℎ
                                                                                                                             (2) 

Here, r = radius from the centre of the disc, N = number of turns, h = average thickness of the 

disc. Revolutions of 0.1, 0.5, 1 and 5 turns were imposed on the discs. 

2.2 Characterization 

Macro-texture measurements were conducted at different radius of five-turn sample, using 

Synchrotron source (DESY Photon Science, Hamburg, Germany), with a wavelength of 0.0142 

nm, in transmission mode. The beam energy, spot size and sample to detector distance was 87 

keV, 300 μm  300 μm and 1000 mm, respectively. A solid state area detector (Perkin Elmer) 

was used to acquire the X-ray diffraction pattern. The instrument was first calibrated with 

standard sample (LaB6) and then measurements were carried out for five-turn HPT sample with 

exposure time of 1 second per image. The diffraction patterns were analyzed using FIT2D 

software and pole figures and orientation distribution function (ODF) were generated using 

CUBEODF software. The ODF was determined from incomplete pole figures obtained from 

synchrotron diffraction using monoclinic sample symmetry and recalculated (111), (200) and 

(220) complete pole figures were determined. Single shot scan, obtained using synchrotron, was 



7 
 

utilized for determination of crystallite size, micro-strain and dislocation density as a function of 

radius in five-turn sample and analysis was carried out in commercially available Xpert 

Highscore plus PANalytical software, based on Williamson-Hall equation. First three peaks of 

the XRD pattern were selected to fit Williamson-Hall equation. The schematic of synchrotron is 

shown in Figure 1(a) and the location at which various characterization has been done is shown 

in Figure 1(b). 

Micro-texture measurements were carried out using electron backscatter diffraction (EBSD) in a 

JEOL JSM-7100F Field Emission Scanning Electron Microscope equipped with Oxford EBSD 

detector. The samples were prepared by polishing with emery paper followed by alumina cloth 

polishing and colloidal silica polishing. Step size of 0.15 μm and binning mode of 2  2 was 

used to scan the sample. The analysis was carried out using TSL-OIM software version 7.2. The 

orientation distribution function (ODF) was calculated from EBSD data using monoclinic 

symmetry of HPT samples. 

Transmission Electron Microscopy (TEM) was carried out on a 3 mm disc cut from the 

periphery of 0.1-turn, one-turn and five-turn HPT sample. The disc was ground using emery 

paper upto 80 μm, followed by dimpling grinder (Gatan, model 656, USA). It was then subjected 

to precision ion polishing system (Gatan, model 691, USA). Argon gas ions were purged to 

create perforation at the centre of the disc. The sample was then observed under JEOL 2000 FX-

II TEM. To resolve nano-sized grains at the periphery of five-turn sample, TEM-OIM was 

carried out. For TEM-OIM, FEI Technai F-30 transmission electron microscope (TEM), 

operating at 300 kV voltage, was used. Orientation imaging was performed using precession 

electron diffraction (PED) in the TEM-based orientation imaging microscopic analysis with 
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NanoMegas (Digital/ASTAR) which has resolution of the order of a nanometer. The 3 mm disc 

sample prepared for TEM was utilized for TEM-OIM also. 

Vickers micro-indentation was carried out on 0.1 turn, one-turn and five-turn sample from centre 

to periphery at five different angles (0°, 22.5°, 45°, 67.5° and 90°). A load of 500 g was applied 

on the sample for a dwell time of 10 s. The data obtained was plotted as 2D contour maps using 

OriginPro 8.5 software. Instrumented nano-indentation (Hysitron, model TI750) with Berkovich 

indenter [32] was carried out on five-turn HPT sample at different radius from the centre. 

Maximum load of 1000 μN was used to obtain load vs depth curve, hardness value and elastic 

modulus at various radius. 

2.3 Simulations 

Viscoplastic self-consistent (VPSC) simulation was utilized to simulate the HPT texture for 

different values of shear strain in order to understand deformation micro-mechanisms. In VPSC, 

a grain in a polycrystalline material is considered as an inclusion in a homogeneous equivalent 

medium (HEM) having the average property of the polycrystal [33, 34]. The strain rate within 

the grain is given by the following equation. 

𝐷𝑖𝑗
𝑐 =  𝛾0 ∑ 𝑚𝑖𝑗

𝑠
𝑠 (

𝑚𝑠∶ 𝜎

𝜏𝑠 )
𝑛

 =  𝛾0 ∑ 𝑚𝑖𝑗
𝑠

𝑠 𝑚𝑘𝑙
𝑠 (

𝑚𝑠∶ 𝜎

𝜏𝑠 )
𝑛−1

                                                               (3) 

Here, s = slip system, 𝛾0= normalizing strain rate, 𝑚𝑠 = geometric Schmid tensor, 𝜏𝑠 = threshold 

value of stress and n = rate sensitivity inverse. The evolution of critical resolved shear stress 

(CRSS) for slip or twinning with respect to strain is governed by the Voce law [35] as given 

below. 
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𝜏(Γ) =  𝜏0 +  (𝜏1 +  𝜃1𝛤) [1 − exp (
−θ0Γ

τ1
)]                                                                      (4) 

The four parameters 𝜏0, 𝜏1, θ0and 𝜃1contribute to hardening of slip systems. In the present work, 

2000 grains with random texture was used as input file and VPSC-7 with affine approach was 

used to model shear texture during HPT for two cases (a) considering octahedral as well as 

partial slip systems and (b) considering only octahedral slip systems. The simulations were 

carried out only till strain of three to qualitatively show the evolution of texture as the code 

cannot handle large shear strain. Though the actual shear strain in five-turn HPT sample is 157, 

the present simulation is an attempt to show the formation of characteristic shear texture in HEA 

with and without the operation of partial slip. 

3. Results 

3.1Evolution of texture 

Textural evolution provides important information for understanding the deformation behavior 

during HPT processing. The torsion texture can be described as {hkl}<uvw>, where {hkl} is 

parallel to shear plane and <uvw> is parallel to shear direction. Figure 2(a) shows the ideal shear 

texture components (A, A̅, A1
∗ , A2

∗ , B, B̅, C) in (111) pole figure. The Euler angles and 

{hkl}<uvw> for the main FCC shear texture components is shown in Table I and it is discussed 

in details by Li et al.  [36] and Toth et al. [20]. Figure 2(b) shows the (111), (200) and (220) pole 

figures from the centre to the periphery of the five-turn HPT sample. It can be observed that the 

texture is heterogeneous as a function of radius and there is evolution of characteristic shear 

texture as observed in FCC metals and alloys. However, the texture obtained is extremely weak 

due to grain fragmentation at high strain. The texture at the periphery (Z1) does not resemble 
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with shear texture because there was lateral flow of material apart from shear strain. There is a 

continuous strengthening of components B and C and continuous weakening of A and A* from 

the centre to periphery. 

3.2 Evolution of microstructure and micro-texture 

In order to understand the microstructural evolution depicting the heterogeneity from centre to 

periphery, EBSD analysis was carried out from different sections of 0.1-turn sample subjected to 

different amount of shear strain. A schematic of various sections analyzed is shown in Figure 

1(b). Figure 3 shows the crystal orientation or inverse pole figure (IPF) maps of the annealed 

sample and HPT samples at different locations. EBSD scans were performed at the central region 

of 0.1, 0.5, 1, and 5 turn HPT samples as well as at the periphery and middle region of 0.1-turn 

HPT sample to study the evolution of microstructure as a function of different number of turns 

and the heterogeneity of microstructural evolution in 0.1-turn sample respectively. The annealed 

sample has coarse equiaxed grains of 37 μm average grain size and is characterized by the 

presence of annealing twins typical of medium SFE FCC materials like copper. The colour 

gradients seen in IPF maps of HPT samples indicate orientation gradient due to dislocation 

activity. The grains are deformed even at the centre of the sample, whereas the grains at the 

periphery are elongated. It can be observed that the average grain size decreases as the shear 

strain increases with number of turns as well as from centre to periphery for 0.1-turn sample. 

Table II also indicates that GND density increases as the distance from centre to periphery 

increases for 0.1-turn sample as well as with increase in number of turns at the centre of HPT 

discs. Due to the resolution limit of EBSD technique, it was not possible to obtain data at the 

periphery of 0.5, 1, and 5 turn samples deformed to higher strain levels. 
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Intragranular misorientation determined in terms of kernel average misorientation (KAM) 

increases from the centre of the disc to the periphery and is characterized by shifting of peak 

KAM to higher value. This is a clear indication of increase in misorientation within the grains 

that leads to grain fragmentation in 0.1-turn HPT sample (Figure 4(a)). KAM distribution at the 

centre of the disc also shifts to right with increase in number of HPT turns (Figure 4(b)) 

indicating higher intragranular misorientation with increase in number of turns of HPT. 

Information about various type of grain boundaries and intragranular misorientation in terms of 

grain reference orientation deviation (GROD) as well as geometrically necessary dislocation 

density was also determined from EBSD data and is displayed in Table II. Gradual increase in 

GROD values and fraction of high angle grain boundaries is observed with increase in strain. 

Figure 5(a) shows the grain boundary map at the periphery of five-turn HPT sample obtained 

from TEM-OIM. The black lines represent high angle grain boundaries (θ ≥ 15°) and red lines 

represent low angle grain boundaries (θ = 2 – 15°). Severe grain fragmentation can be observed, 

with average grain size of 55.4 ± 33.4 nm. Taylor factor map at the periphery of 5 turn sample is 

shown in Figure 5(b). The grains are equiaxed even at the shear strain of 157 and the grain 

fragmentation is uniform indicating Taylor kind of deformation of the nano-grains. Figure 6 

shows the bright field TEM images at the periphery of 0.1-turn, one-turn and five-turn sample. 

Evolution of distinct dislocation structure is observed at the periphery of the one-turn HPT 

sample in Figure 6(a) while Figure 6(b) shows extensive grain refinement and corresponding 

SAD pattern shows a spotty ring indicating nanosize grains. 

3.3 Evolution of hardness 

We have measured micro-hardness of all the HPT processed samples. However, we shall present 

the salient results to bring about the details of deformation behaviour of the HEA at different 
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strain. Figure 7 shows the hardness evolution from centre to periphery in 0.1-turn, one-turn and 

five-turn sample using 2D contour maps. The hardness increases as a function of radius and 

reaches saturation at 1941 MPa (supplementary data S.III) which is more than 3.5 times the 

hardness of the homogenized sample. The saturation hardness is achieved in five-turn sample 

itself and even ten-turn HPT sample showed the same value of hardness at the periphery of the 

HPT processed disc.  

Figure 8(a) shows the load (P) vs depth (d) curve from nano-indentation for different radius of 

five-turn sample. The P-d curves shift to the left (lower indentation depth) indicating rise in 

hardness from centre to periphery. Figure 8(b) shows the variation of hardness and elastic 

modulus as a function of distance from the centre of the disc. The hardness increases from centre 

to periphery whereas, elastic modulus remains almost constant from centre to periphery of the 

HPT disc. This unique trend in hardness is attributed to partial dissolution of copper rich nano-

clusters during high pressure torsion which leads to increase in solid solution strengthening and 

hence increases the hardness. Atom probe tomography of five turn HPT sample (supplementary 

data Figure S2) indicated reduction in cluster size from 2.5 to 1.5 nm with corresponding 

increase in copper contents from 8 to 17 atomic percentage in the matrix (supplementary data 

Table S1) [37,38,39]. The hardness obtained using nano-indentation is always higher than that 

obtained using micro-indentation due to higher contribution of GNDs for smaller indents [40,41].  

 

4.Discussion 

A thorough analysis of the evolution of microstructure, texture and mechanical behaviour in 

terms of unique evolution of hardness, clearly indicates a combinatorial effect of multiple micro-
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mechanisms operative during high pressure torsion. The role of processes like grain 

fragmentation, evolution and stability of texture components and evolution of mechanical 

properties relevant for HPT will be discussed for the special case of CoCuFeMnNi HEA.   

4.1Evolution of texture and microstructure 

X-ray diffraction (using synchrotron) was carried out to determine the average crystallite size 

and micro-strain in five-turn sample using Williamson-Hall method [42].  

𝐵 cos 𝜃𝐵 =  
𝐾𝜆

𝐷
+  4 𝜀 sin 𝜃𝐵                                                                                                          (5) 

Here, B is the peak broadening (FWHM, = √𝐵𝑠𝑎𝑚𝑝𝑙𝑒
2 − 𝐵𝑖𝑛𝑠𝑡𝑟𝑢𝑚𝑒𝑛𝑡

2  ), 𝜃𝐵 is the Bragg angle, K 

is constant, λ is the wavelength, D is crystallite size and ε is micro-strain. The dislocation density 

(ρ) was calculated using the following formula [43]. 

𝜌 =  
2√3〈𝜀〉

𝐷𝑏
                                                                                                                                   (6) 

Here, ε is the micro-strain, D is the crystallite size and b is the Burgers vector. The crystallite 

size decreases (44 to 26 nm) from the centre to the periphery of five-turn sample while the 

micro-strain and dislocation density increases as a function of radius (Figure 8(c)). TEM-OIM at 

the periphery of five-turn sample showed number average grain size of 25 nm which is in good 

agreement with the X-ray diffraction results while the area average grain size was 55 nm. The 

high dislocation density can be attributed to reduced annihilation rate of dislocations during 

deformation because of high Peierls-Nabarro stress to move the dislocations and restricted cross 

slip due to low stacking fault energy in the concentrated HEA.  
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The trend for crystallite size and dislocation density shown in Figure 8(c) is characterized by 

sudden decrease from the centre followed with gradual decrease from centre to periphery of the 

HPT disc. This implies that the grain fragmentation rate and evolution of dislocation density is 

faster near the centre that is at low effective strain while it becomes sluggish at the periphery 

(high strain). Chen et al. [11] have described the effect of initial grain size on the plastic 

deformation and grain fragmentation mechanism during SPD processes. It was observed that 

grain refinement is dominated by deformation twinning in coarse grain sample while dislocation 

slip is prevalent in fine grained sample. Moreover, it was observed that the grain refinement rates 

are high for coarse grains and low for fine grains. 

It has been reported by Naghdy et al. [44] that for high SFE materials, a copper-type texture with 

dominance of C component {001}<110> and for low SFE materials, a brass-type texture with  

dominance of B component 110}121(


is observed. In the present work, both B and C 

components increases from centre to periphery, indicating medium SFE characteristics. Beladi et 

al. [45] reported that dynamic recrystallization (DRX) grains have dominance of A component 

during torsion. Since A component is decreasing from centre to periphery of five-turn sample, 

the tendency of DRX is also decreasing. In the present alloy, grain refinement process occurs by 

the process of continuous dynamic recrystallization (cDRX) that involves short range grain 

boundary migration in low SFE FCC materials to form new sub-micron and nano-crystalline 

grains [46]. Sub-grain or cell structure observed in TEM micrograph of one-turn sample is an 

indication of cDRX process where LAGBs progressively evolve into HAGBs at larger 

deformations and there is no clear nucleation and growth stage. The accumulation of dislocations 

near the LAGBs increases with deformation which increase the misorientation and eventually 

when it reaches a critical misorientation (𝜃𝑐≈15°), HAGBs are formed. The recrystallization 
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occurs uniformly and new grains forms by progressive rotation of sub-grains and microstructure 

evolution exhibit a continuous character. 

During HPT, the grains get sheared and become elliptical in shape and the aspect ratio of the 

grains should increase with shear strain as discussed by Canova et al. [17]. Grain refinement 

during HPT is also aided by deformation twins and shear banding [20]. Since HPT samples 

experience inhomogeneous straining, different regions of a grain experience different straining 

and therefore bands are formed, separated by geometrically necessary boundaries (GNBs). Apart 

from GNBs, incidental dislocation boundaries (IDBs) can also form by statistical trapping of 

dislocations [47]. As the strain increases during HPT, misorientation of GNBs and IDBs also 

increases, leading to formation of HAGBs and therefore grain refinement occurs. In the present 

case, cDRX has reached steady state that leads to a saturation hardness value. However, there is 

still heterogeneity in hardness value indicating the heterogeneity of microstructure and texture in 

five-turn HPT sample.  

4.2 Viscoplastic self consistent simulations 

The VPSC simulation was carried out to obtain evolution of texture in the HPT sample. Twelve 

octahedral slip system {111}<11̅0> and twelve partial slip system {111}<112̅> were considered 

as the operating mode of deformation of FCC CoCuFeMnNi HEA [27] during the simulations in 

first case and only octahedral slip system was considered for the other. The Voce hardening 

parameters used are shown in Table III. Twins observed at the centre of half-turn sample in 

EBSD [12] justifies considering partial slip system along with octahedral slip system. The initial 

texture with random 2000 orientations was used and simulation was carried out with Affine 
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approximation using an inverse strain rate sensitivity exponent of 20. The following velocity 

gradient was employed for the simulation. 

















=

000

000

00 

L                                                                                                                               (7) 

The texture obtained for the two conditions were plotted using Resmat software. The simulated 

111 pole figure with octahedral + partial slip system (Figure 9(a)) shows a reasonable match with 

the experimental results compared to pole figure simulated considering only octahedral slip 

system (Figure 9(b)). The experimental texture at the periphery of five-turn HPT sample is 

deformed to a shear strain of 157 so it is not prudent to compare the simulation results on a one 

to one basis. Nevertheless, it is clear that characteristic shear texture can be produced by the 

operation of partial planar slip and octahedral slip in the HEA. The observation of weaker texture 

even at much higher strain is attributed to grain fragmentation [48] and occurrence of cDRX 

which are not incorporated in the simulations.  

4.3 Taylor factor and grain fragmentation 

Taylor factor is related to the crystallographic orientation and is defined as total slip amplitude 

corresponding to a unit macroscopic strain increase [49,50]. For plastically isotropic materials, 

Taylor factor is given by the following equation [51] 





 


=


==

d

dY
M

0

                                                                                                                   (8) 

Here, Y = yield strength, 𝜏0 = CRSS of a reference single crystal, 𝑑𝛤 = algebraic sum of 

individual shear contributions of slip systems at grain level, 𝑑𝜀 = ∆𝜀 = incremental macroscopic 
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strain. Grain with highest Taylor factor will experience highest microscopic slip, for a given 

value of ∆𝜀. The grain orientation with high Taylor factor has higher dislocation density and 

greater misorientation angles and can be expected to get consumed during dynamic 

recrystallization process. Jonas and Toth [52,53] have calculated the Taylor factor for different 

stable end orientations and Taylor factor increases in the order A < A* < B < C. It is expected 

that grains with C component will have the highest dislocation density than grains with A 

component [54]. 

The microstructure evolution in 0.1-turn HPT sample (Figure 3 and Table II) shows increase in 

GND density with increase in strain from centre to periphery. This implies that the deformation 

is heterogeneous in nature and it increases from centre to periphery. The grains become 

elongated as strain increases during the HPT process. GND density depends on lattice curvature, 

which is calculated from measuring the orientations within small neighbouring material volumes. 

After that, the dislocation density tensor is used to derive the GND density [55]. The deformation 

related to HPT is given by distortion tensor, β [56]. 
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Where, e = flow of excess material at lower deformation and γ = shear deformation. Torsion can 

be accommodated by two slip systems unlike tension or compression where five independent slip 

systems are required. Moreover, there is rigid body rotation during torsion and is absent in 

tension or compression. It has been reported by Hughes et al. [57] that higher amount of A 

component indicate uniform distribution of slip via extensive cross slip and hence low Taylor 

factor components are stabilized. C component has high Taylor factor and grains reorient 

themselves and undergo grain fragmentation and this occurs in low SFE materials 

(supplementary data S.IV). Grains with high Taylor factor experience more dislocation activity 
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per unit strain and grains with low Taylor factor has less dislocation activity per unit strain to 

accommodate externally imposed strain and hence deform plastically without significant 

reorientation. In the present case, A component decreases from centre to periphery indicating 

uniform slip distribution at the centre and grain reorientation and fragmentation at the periphery 

which is evident from the microstructure as well. Less microscopic slip activity at the centre 

implies lower GND density and hence lower intragranular misorientation. Weakening of the 

texture at high strain or high strain rate occurs due to grain fragmentation. 

4.4 Evolution of strength 

The strength contribution from various strengthening mechanisms [58,59,60] like frictional 

stress, strain/Taylor hardening [61,62], Hall-Petch hardening [63,64], cluster strengthening [65] 

and solid solution strengthening [59] were calculated for Z1, Z2, Z3, and Z4 positions, as shown 

in Table IV. Here, we have assumed a linear superposition of all five mechanisms because the 

interaction between the above mechanisms in high entropy alloys is not known yet and hence 

their independent contribution is considered. No attempt has been made to calculate 

strengthening contribution at the centre of the disc as the microstructure is very heterogeneous. 

The yield strength increases from 1555 MPa at 1 mm from the centre to 1941 MPa at the 

periphery of the five-turn HPT disc. Yield strength was calculated from the micro-hardness using 

the equation 𝜎𝑌𝑆 =  𝐻 3⁄  [58]. The frictional stress (𝜎𝐹𝑅), calculated using rule of mixtures [58], 

was found to remain constant as the elements and their proportion is not changing. Strain 

hardening was calculated using the formula 𝜎𝑆𝐻 = 𝑀𝛼𝐺𝑏√𝜌, where M is the Taylor factor, α is 

proportionality constant (depends on the nature of dislocation [61], 0.16 in present case), G is the 

shear modulus (rule of mixture), b is Burgers vector (determined from synchrotron data) and ρ is 

dislocation density (determined from synchrotron data). It was found that the strain hardening 
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increases slightly from 334 to 354 MPa due slight increase in dislocation density. The grain size 

determined from synchrotron data, was found to decrease from the centre to the periphery and 

hence led to Hall-Petch hardening from 865 to 914 MPa. Hall Petch hardening was calculated 

using the formula 𝜎𝐻𝑃 =  𝑘𝐻𝑃 √𝑑⁄ , where 𝑘𝐻𝑃 is the Hall Petch coefficient and d is the grain 

size. The 𝑘𝐻𝑃 of HPT processed Cantor’s alloy (CoCrFeMnNi HEA) was used in the present 

case [57]. The equation for determining contribution of solid solution strengthening in complex 

concentrated alloys is not available in the literature yet and cluster strengthening cannot be 

calculated without knowing the fraction of copper rich nano-clusters. Therefore, the combined 

contribution of solid solution and cluster strengthening was calculated by subtracting the 

contribution of other 3 mechanisms (𝜎𝐹𝑅 , 𝜎𝑆𝐻, 𝜎𝐻𝑃) from the total yield strength. It was found 

that the contribution of solid solution (𝜎𝑆𝑆) and cluster strengthening (𝜎𝐶𝐿) is tremendous and it 

increases from 322 to 639 MPa. As the distance from centre increases, shear strain increases and 

it may increase the dissolution of copper nano-clusters [28,29,66,67,68], increasing the copper 

concentration in the matrix and therefore leads to increase in solid solution strengthening.  

Figure 10(a) shows the schematic of hardness and microstructure evolution in different HPT 

samples. Edalati et al. [69] found that the temperature rises during HPT are relatively minor 

when compared with the melting temperatures of the processed metals. It was concluded that 

the microstructural evolutions occurring during HPT processing are not significantly influenced 

by the temperature rise. On the contrary, the formation of high-angle grain boundaries through 

dynamic recrystallization (DRX) is due to the presence of large volumes of lattice defects. Figure 

10(b) shows the contribution of various strengthening mechanisms operative during HPT 

process, from the centre to the periphery of five-turn sample. The success of phenomenological 

equations of different strengthening mechanisms to explain the experimental hardness evolution 

https://www.sciencedirect.com/topics/materials-science/microstructural-evolution
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in five-turn HPT sample also indicates high fidelity of constants like shear modulus and Hall-

Petch co-efficient used in different phenomenological approaches for the CoCuFeMnNi HEA. 

Thus it is evident that the evolution of heterogeneous microstructure in terms of grain size, 

dislocation density and texture leads to evolution of heterogeneous mechanical properties like 

hardness and elastic modulus in CoCuFeMnNi HEA during high pressure torsion. 

5.Summary and conclusions 

The heterogeneity in microstructure, texture and mechanical behavior of five-turn HPT 

processed single phase CoCuFeMnNi high entropy alloy has been studied in the present 

investigation. Based on the experimental data and simulations that were carried out, following 

conclusions can be drawn. 

1) The textural investigation indicates the development of typical FCC shear texture with 

the dominance of A 110}111{


and A* 112}111{


components at initial stages of 

deformation and it shifts to C {001}<110>component at later stages of deformation. The 

observation of characteristic shear texture can be explained on the basis of operation of 

octahedral and partial slip while grain fragmentation leads to weaker texture at higher 

strain.  

2) Microstructural investigation indicates heterogeneous microstructure and leads to strong 

grain size refinement from 37 μm to 55 nm at a shear strain of 157 in five-turn HPT 

sample. This is caused because of deformation twinning and deformation banding in 

addition to octahedral and partial slip. The grain refinement process is dominant at the 

periphery and reaches saturation in hardness after five turns of HPT. 



21 
 

3) Strain hardening and dislocation hardening leads to increase in hardness (or yield 

strength) from centre to periphery of five turn HPT sample and it is expected that the 

contribution of solid solution and cluster strengthening increases from centre to 

periphery. 

4) The heterogeneity of nano-chemistry played an important role in the deformation of 

CoCuFeMnNi HEA apart from heterogeneity of mechanical property,  microstructure and 

texture. It can be anticipated that the heterogeneity of grain size, chemistry and 

microstructure can lead to improved mechanical properties. The potential of generating 

gradient microstructure, texture, and chemistry opens up a new avenue to generate 

functionally graded materials for engineering materials. 
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